Ultrasonic waves were used to perform suspension polymerization of styrene monomer in the absence of both emulsifier (surfactant) and polymerization initiator. Styrene monomer was ultrasonically dispersed as oil droplets at 40 kHz after being added dropwise into water. Polymerization of the monomer in the droplets was initiated with the radical species from water as the polymerization initiator generated by irradiation with a high frequency ultrasonic wave at 200 kHz on the surfactant-free (styrene monomer/water) emulsion. The particles thus prepared were confirmed to be polystyrene particles by FT-IR measurements and the particle size was found to be several tens nanometers through TEM observation and dynamic light scattering measurement.
Introduction
Suspension polymerization is a method of polymerization in which monomer molecules that are hardly soluble in solvent (mainly water) are mechanically dispersed as droplets in the solvent. Polymerization of the monomer is allowed to proceed in the droplets in the presence of a polymerization initiator that is hardly soluble in the solvent and easily soluble in the monomer. Suspension polymerization gives spherical polymer particles since it proceeds while the dispersed monomer droplets keep their spherical shape (1, 2) . Addition of surfactant is usually essential for suspension polymerization to ensure a high dispersion stability of monomer droplets (3, 4) . But the surfactant remaining in the polymer particles formed is difficult to remove. Then if sus-pension polymerization can be conducted without emulsifier, preparation of polymer particles with a higher purity would be possible and the use of environmentunfriendly surfactant would be reduced.
We have prepared surfactant-free O/W emulsions by ultrasonic treatments (5) (6) (7) (8) (9) (10) (11) . When a mixture of benzene and water was ultrasonically treated at 40 kHz to prepare a benzene/water emulsion, the dispersion stability of benzene droplets was good for about 3 hr in the absence of surfactant (5, 6) . The dispersion stability of oil droplets depends strongly on the properties of the oil phase and a similar ultrasonic treatment permited to prepare surfactant-free O/W emulsions that are stable over a year when hexadecane, glycerin trioleate, etc are used (8, 9) . Monodispersed spherical polystyrene particles with about 350nm in size have been prepared in the absence of surfactant through polymerization of styrene monomer in its metastable droplets formed by ultrasonic irradiation as the reaction field (12) . Dimpled polymer particles were also prepared with many fine pores on their surface by a similar polymerization under irradiation with a low frequency ultrasonic wave at 40 kHz (12) .
The polymerization of styrene is usually carried out at about 70 using a radical reaction initiator such as oil-soluble azobisisobutyronitrile (AIBN). This then causes the initiator to remain in a small amount in the polymer particles formed. The purity of the polymer formed should be higher if the radical can be generated without chemical substance.
Meanwhile, formation of radical species such as OH radical has been shown to occur on irradiating aqueous solution with high frequency ultrasonic waves (>200 kHz) (13) (14) (15) (16) (17) (18) (19) .
A method was thus sought for preparing polystyrene nanoparticles in the absence of any organic compound except styrene monomer through its polymerization using the radical species generated by ultrasonic irradiation on the aqueous monomer-containg solution as the initiator.
Experimental 1 Materials
Styrene monomer (Tokyo Kasei, Co., 99% purity with 0.003% p-t-butylcatechol (polymerization prohibitor)) was used after removal of the polymerization prohibitor with aqueous NaOH solution. The water was doubly distilled water for injection (Ohtsuka Pharm. Co.). The ultrasinic irradiators were Bransonic 220 (125 W) (Smith-Kline Co.) for 40 kHz, CA-66S-61 (≈ 600 W) (Kaijo, Co.) for 200 kHz, and W-357HP (≈ 600 W) for 1000 kHz.
Method
Polystyrene nanoparticles were prepared as follows; Styrene (1 ml) was added dropwise into water (50 ml) and the mixture was irradiated with a low frequency ultrasonic wave (40 kHz) for 8 min to produce a dispersion of styrene oil droplets in water. The dispersion was then irradiated with a high frequency ultrasonic wave (200 kHz) for 1hr to generate radical species in the aqueous medium. Polymerization of styrene monomer in the oil droplets was initiated by this species.
The polymer particles were identified by IR spectropscopy (KBr method) using a spectrometer (FT/IR-410, Nihonbunko, Co.) and size and its distribution were determined by dynamic light scattering measurements using the NICOMP 380ZLS, Particle Sizing Systems Co. The diameter and surface nature of the polymer particles were examined with a JEM 1200EX (JEOL) transmission electron microscope (TEM) in the conventional transmission mode using 80-kV electrons.
Results and Discussion
Azobisisobutylnitrile (AIBN) is usually used for the polymerization of styrene as a radical generating species. This substance dissociates at about 70 to generate a radical species that acts as polymerization initiator. Although this way of polymerization is applicable to the mass production of polystyrene owing to the simple reaction path, the purity of the polymer produced is not good enough since the product is contaminated by the remaining surfactant used to disperse styrene in water and the polymerization initiator.
Ultrasonic irradiation for emulsification was found to provide temporarily stable O/W emulsions. These emulsions were prepared by irradiation with a low frequency ultrasonic wave (40 kHz) which does not produce radical species.
H and OH radicals are produced by high frequency (>200 KHz) ultrasonication and these radicals undergo change as follows:
The generation of H and OH radicals was also confirmed in the present experimental setup (19) . The radical polymerization of styrene was then conducted using these radical species generated from water by the ultrasonic irradiation. The polymerization proceeds in the presence of the radical species generated by high frequency (200 or 1000 kHz) ultrasonic irradiation of water without addition of chemical species such as AIBN. Low frequency (40 KHz) ultrasonic irradiation as a means of dispersing styrene in water unables us to perform suspension polymerization possible in the absence of a surfactant. Ultrasonic irradiation at 40 kHz failed to produce polystyrene particles (the same frequency as for dispersion of styrene and polymerization of the monomer), but at 1000 kHz, polystyrene particles such as obtained at 200 kHz irradiation were produced (40 kHz used for styrene dispersion and 1000 kHz for monomer polymerization). Insufficient radical formation in 40 kHz irradiation would be the reason for this since there were no absorption peaks due to I 2 formation from Ias evident from Fig. 2 (no formation of H 2 O 2 ). This frequency gave a good dispersion of styrene monomer in water. Figure 3 shows the IR spectrum of the polystyrene particles. The spectrum had two peaks each at 750 and 700 cm -1 and at 2930 and 2850 cm -1 assigned respectively to CH out-of-plane vibration and CH stretching vibration due to polystyrene, in addition to a characteristic absorption around 2000-1600 cm -1 due to monosubstituted benzene ring, thus confirming polystyrene particle formation. 200 kHz ultrasonic irradiation of aqueous styrene dispersion is thus clearly shown to produce polystyrene nanoparticles without the use of surfactant and polymerization initiator. Figure 4 shows the size distribution of the polystyrene particles as determined by light scattering. The particles were fairly monodisperse and 50 nm in mean diameter , this being somewhat larger than determined by TEM, possibly owing to presumably to aggregated particles.
The present method is thus shown effective for preparing monodispersed spherical polystyrene particles without any surfactant and polymerization initiator, and this in turn will lessen environmental pollution.
